Metastasis is a multistep process that involves the deregulation of oncogenes and tumor suppressors beyond changes required for primary tumor formation. RHOB is known to have tumor suppressor activity, and its knockdown is associated with more aggressive tumors as well as changes in cell shape, migration, and adhesion. This study shows that oncogenic microRNA, miR-21, represses RHOB expression by directly targeting the 3′ untranslated region. Loss of miR-21 is associated with an elevation of RHOB in hepatocellular carcinoma cell lines Huh-7 and HepG2 and in the metastatic breast cancer cell line MDA-MB-231. Using in vitro models of distinct stages of metastasis, we showed that loss of miR-21 also causes a reduction in migration, invasion, and cell elongation. The reduction in migration and cell elongation can be mimicked by overexpression of RHOB. Furthermore, changes in miR-21 expression lead to alterations in matrix metalloproteinase-9 activity. Therefore, we conclude that miR-21 promotes multiple components of the metastatic phenotype in vitro by regulating several important tumor suppressors, including RHOB. Mol Cancer Res; 8(5); 691-700. ©2010 AACR.
Introduction
Primary hepatocellular carcinoma (HCC) is among the most frequent and aggressive malignancies in the world. It is especially common in Southeast Asian populations where infection with hepatitis B and C virus is prevalent (1) . Although there have been advances in diagnostic modalities that improve the rate of detection, the long-term survival of HCC patients is poor due to the high incidence of recurrence after initial treatment (2) . Genetic and pathologic studies show that recurrence of HCC is split into two types: multicentric development of new tumors and intrahepatic metastasis of the original HCC (3). Intrahepatic metastasis occurs during late-stage HCC and is thought to develop through tumor cell dispersal via the portal vein (4) .
Metastasis is a multistep process consisting of cell detachment from the primary tumor, extravasation, and finally invasion of the secondary site. Recently, several small regulatory noncoding RNA molecules, known as microRNAs (miRNA), have been shown to function as tumor suppressors or oncogenes and have been linked to invasion (5) . miRNAs act to repress gene expression on the posttranscriptional level through mechanisms involving either degradation or translational repression of their target mRNAs (6) (7) (8) . Gabriely et al. (9) showed that miR-21 promotes glioma migration and invasion through targeting of matrix metalloproteinase (MMP) inhibitors. Additionally, knockdown of miR-21 expression in glioma cell lines leads to a decrease in migration, which was hypothesized to be due to miR-21 directly targeting the metalloproteinase inhibitor RECK (reversion-inducing cysteine-rich protein with Kazal motifs; ref. 10) .
We previously showed that miR-21 is overexpressed in both primary HCC (11) and HCC cell lines (12) . Increased miR-21 expression has also been reported in a wide range of tumor types (6, (12) (13) (14) . Its overexpression has been linked to inhibition of apoptosis and promotion of cell proliferation (11, (14) (15) (16) . Zhu et al. (10) showed that knockdown of miR-21 in MDA-MB-231 cells led to a decrease in the formation of tumors in the lung after tail vein injection.
In this study, we identify the tumor suppressor gene RHOB (ras homolog gene family, member B) as a target of miR-21. RHOB is a small GTPase known to regulate actin organization and vesicle transport. In contrast to its family members RHOA and RHOC, RHOB overexpression inhibits tumor formation (17) . Overexpression of RHOA has been linked to HCC metastasis (18) . However, a role for RHOB in metastatic phenotype of HCC has not been previously reported. In this report, we show that RHOB expression is modulated by the oncomiR miR-21. Additionally, we show that the miR-21-induced loss of RHOB expression contributes to the promotion of several in vitro cell phenotypes associated with increased metastatic potential of cells.
Materials and Methods
Cell culture and oligonucleotide transfections. The Huh-7 and HepG2 HCC cell lines and MDA-MB-231 breast cancer cell line (which express high levels of miR-21; refs. 11-13) were maintained in DMEM supplemented with 10% fetal bovine serum, sodium, pyruvate, nonessential amino acids, and penicillin-streptomycin. miR-21 inhibition was achieved by transfecting cells with 100 nmol/well of 2′-O-methyl antisense oligonucleotides (ASO; IDT) by Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol. 2′-O-methyl ASO sequences were as follows: 5′-AUCGAAUAGU-CUGAC UACAACU-′ 3 (miR-21 ASO) and 5′ -CCCCCCCCCCCCCCCCCCCC-′3 (negative ASO). Overexpression of miR-21 was achieved by transfecting cells with synthetic RNA duplex (mimic; Dharmacon) at 10 nmol/well corresponding to the mature miR-21 and negative control (cel-miR-67). HepG2 cells were plated on poly-D-lysine-coated tissue culture plates (Becton Dickinson) to increase transfection efficiency.
Quantitative reverse transcription-PCR analysis of mRNA and miRNA expression. RNA was isolated from cells 48 hours after transfection using the RNAqueous RNA isolation kit (Ambion). Normal liver RNA was obtained from Ambion. cDNA was produced using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Taqman probes (RHOB, RECK, PTEN, PDCD4, and B2M) were used (Applied Biosystems), and quantitative reverse transcription-PCR (qRT-PCR) was done in accordance with the manufacturer's protocols. B2M was used as the reference gene for normalization. miR-21 expression levels were quantified using Taqman MicroRNA Assay kit (Applied Biosystems). Taqman and cDNA kits (Applied Biosystems) were used to prepare all samples for qRT-PCR, in accordance with the manufacturer's instructions. RNU43 was used as a reference. qRT-PCR analysis was done using an ABI 7000 real-time detection system. Expression levels were compared with either normal liver or cell lines mock transfected with Lipofectamine only (consisted no treatment) using the 2 −ΔΔCt method. Significance was determined using paired t test of the ΔC t values (P < 0.05).
Expression vector and siRNA. Cells were transfected with a set of three siRNA duplexes (IDT) per gene at 10 nmol/well, with Lipofectamine 2000 (Invitrogen), according to the manufacturer's protocol. The level of knockdown was determined by qRT-PCR (Table 1) .
The overexpression vector pQE-T7 containing the RHOB protein coding sequence was purchased from Qiagen. Cells were transfected with either 10 ng/well of the RHOB construct or empty pQE-T7 vector using Lipofectamine 2000. The level of overexpression was determined by qRT-PCR.
Western blot. Cells were lysed in radioimmunoprecipitation assay buffer (Sigma) containing protease inhibitors (Roche Diagnostic). Protein (40 μg) was loaded on 10% Tris-glycine gels (Invitrogen) and transferred onto polyvinylidene difluoride membrane (Invitrogen). Blots were probed with antibodies (Cell Signaling) to RHOB and COX IV (loading control) and visualized by chemiluminescence reagent (PerkinElmer Life Science). NIH ImageJ was used to determine the pixel intensity of each band. Relative expression was determined by dividing the pixel intensity of the sample by that of the loading control. The average of three blots was presented.
Reporter assay. Three 3′ untranslated region (UTR) fragments were cloned immediately downstream of the Renilla luciferase gene in a Renilla/firefly luciferase reporter plasmid, psiCHECK-2 (Promega). The cloned fragments were (a) full 3′UTR (the complete RHOB 3′UTR), (b) nucleotides 1326 to 1332 (the complete predicted miR-21 target site of the RHOB 3′UTR), and (c) mutated nucleotides 1326 to 1332 (the full predicted miR-21RHOB 3′ UTR target site with complete mutation of the seed region). The 3′UTR of RHOB was amplified with primers that carried XhoI/NotI endonuclease sites. Oligonucleotides for the nucleotides 1326 to 1332 and mutated nucleotides 1326 to 1332 with XhoI/NotI endonuclease sites were obtained from IDT (Table 2) .
Huh-7 cells were transfected at ∼30% confluence with 25 ng reporter construct per well plus or minus inhibitor/ mimic miRNA (0.25 pmol/L/well) using Lipofectamine 2000 according to the manufacturer's protocol. Twentyfour hours after transfection, the cells were lysed and Renilla luciferase activity was measured by the Dual Luciferase Reporter Assay (Promega) on a BMG FLUOstar Optima plate reader in accordance with the manufacturer's protocol. Firefly luciferase signal was used for transfection efficacy. The Renilla/firefly luiferase ratio for each experimental 
plasmid treated with inhibitor/mimic miRNA was normalized to no treatment of that plasmid. Migration assay. Cells were transfected with either inhibitor/mimic miRNA, siRNA, or expression vectors. Additionally, in select experiments, cells were treated with mitomycin C (5 μg/mL). The confluent monolayer was scratched 24 hours after transfection to create a clear area within the monolayer or wound. The wound was FIGURE 1. A, representative results from zymography. Cells were transfected with inhibitor/mimic miRNA and conditioned media were analyzed for MMP-9 activity by gelatin zymography. Quantification of four individual experiments per cell line Huh-7 (B), HepG2 (C), and MDA-MB-231 (D) was done using NIH ImageJ, measuring the pixel intensity of each band. Data are expressed as % no treatment (Lipofectamine only). *, P < 0.05; **, P < 0.001; ***, P < 0.0001. photographed over 48 hours at 4× using a Nikon inverted phase microscope and digital camera with the Olympus DP Controller software. The width of the wound was measured using NIH ImageJ and then compared with time 0 for four independent experiments (10 measurements per wound, 8 wounds per treatment).
Zymography. Cells were transfected with inhibitor/ mimic miRNA, and conditioned media were harvested after 48 hours. Conditioned media (80 μg protein) were mixed with sample buffer 1:1 (Invitrogen) and run on 10% zymogram (gelatin) gel (Invitrogen). Gels were then incubated at room temperature in zymogram renaturing buffer (Invitrogen), followed by being equilibrated in zymogram development buffer (Invitrogen) overnight at 37°C. Gels were washed and stained with Coomassie blue. Quantification of the zymography was determined using NIH ImageJ, and for each cell line, the no-treatment level of secreted MMP-9 was set at 100%.
Actin staining. Forty-eight hours after cells were transfected with inhibitor/mimic miRNA or expression vectors, cells were fixed with 4% paraformaldehyde, followed by permeabilizing with Triton X-100 and staining with Alexa Fluor 488 phalloidin (Invitrogen). The cells were imaged at 60× using a Nikon inverted phase microscope and digital camera with the Olympus DP Controller software. Cell elongation was calculated as the ratio of the longest cord through the cell to the longest axis perpendicular to it using NIH ImageJ.
Invasion assay. Cells were transfected with inhibitor/ mimic miRNA or expression vector. Twenty-four hours after transfection, 1.0 × 10 6 cells/mL in serum-free media were placed in an invasion chamber (Chemicon) on top of extracellular matrix, with 10% fetal bovine serum as a chemoattractant. Cells were incubated in the invasion chamber for 72 hours (HCC cell lines) or 24 hours (MDA-MB-231), after which cells that did not invade the matrix and extracellular matrix were removed and the filter was stained (Coomassie blue) in accordance to the manufacturer's protocol. The stained cells were eluted from the membrane and absorbance of the sample at 560 nm was read.
Statistical analysis. Prism 5 software was used to do statistical analysis. Paired t test was used to determine the significance between no-treatment and experimental sets. P values of <0.05 were considered to be significant. The asterisks in all the figures in the article and in the Supplementary Data stand for the following levels of significance: *, P < 0.05; **, P < 0.001; ***, P < 0.0001. Error bars and graphs represented mean ± SEM.
Results
Changes in miR-21 levels alter MMP-9 activity in vitro. Increased MMP activity has been associated with the metastatic phenotype of cancer cells, and its expression has been often used as an indicator of the metastatic potential 
wound. B, MDA-MB-231 cells 24 h after wound. *, P < 0.05; **, P < 0.001; ***, P < 0.0001. (19) . miR-21 is not predicted to directly target MMPs. However, it has been previously reported that there are reductions in MMP-9 and MMP-2 mRNA levels after inhibition of miR-21, suggesting that the decrease in miR-21 levels may lead to a reduction of the metastatic phenotype (15, 20) . Therefore, we asked whether knocking down miR-21 reduced the activity of MMP-9 in the media of tumor cells. Treatment of HepG2, Huh-7, and MDA-MB-231 cells with antisense inhibitor against miR-21 reduced miR-21 levels as judged by qRT-PCR (Supplementary Fig. S1 ). Concurrently, zymography of conditioned media from miR-21 inhibitor-treated cells revealed reductions of an average of 36%, 21%, and 66% in MMP-9 activity in all three cell lines, respectively (Fig. 1A-D) . In a reverse approach, overexpression (using a mimic transfection) significantly increased MMP-9 secretion from Huh-7 cells and not quite significantly for HepG2 and MDA-MB-231 cells (Fig. 1A-D) . This is consistent with qRT-PCR data that showed that the highest increase in miR-21 occurred in Huh-7 cells (Supplementary Figs. S1 and S2). This suggests that the increased miR-21 levels in HepG2 and MDA-MB-231 cells were not quite high enough for MMP-9 secretion to reach statistical significance.
miR-21 promotes migration in vitro. An important component of the invasive profile of a cell is its ability to migrate. We hypothesized that miR-21 expression promotes migration. To determine the effect of loss of miR-21 on migration, we used an in vitro wound closure assay. In both HCC cell lines and MDA-MB-231 cells, miR-21 inhibitor treatment significantly reduced migration as measured by a wound closure assay ( Fig. 2A and B, lane 2; Supplementary Fig. S3 ). This decrease was not due to effects of the inhibitor on cell growth because a similar reduction in wound closure was obtained in the presence or absence of mitomycin C, an inhibitor of cell proliferation ( Supplementary Fig. S4 ).
miR-21 targeting of RECK is not sufficient in promoting migration. It has been proposed that miR-21 promotes migration and invasion by targeting inhibitors of MMPs, one of which is RECK (10) . Increased RECK expression in endothelial and melanoma cell lines causes a reduction in cell migration, measured by the wound-healing assay (21) . Therefore, we asked whether the responses we observed above could be due to the regulation of RECK. If this was the case, we predicted that siRNA knockdown of RECK should restore cell migration in cells where miR-21 was knocked down. qRT-PCR analysis of RECK expression showed a significant reduction in RECK expression in both siRNA-treated Huh-7 (−4.36-fold) and MDA-MB-231 (−7.28-fold) compared with mock-transfected cells ( Supplementary Fig. S5 ). Knockdown of RECK, in combination with miR-21 inhibitor treatment, yielded only a partial (not significant) restoration of wound closure in Huh-7 and MDA-MB-231 cells ( Fig. 2A and B , lane 2 versus lane 7). Treatment with siRNA RECK and siRNA negative control, alone or in conjunction with control inhibitor, had no effect on Huh-7 cell migration ( Fig. 2A,  lanes 6, 8, and 12-14) . The reason that siRNA RECK alone had no effect on migration in our model is most likely due to the fact that RECK is already very low due to the constitutive high level of miR-21 in the cells.
B i o i n f o r m a t i c a n a l y s i s o f m i R -2 1 t a r g e t s identifies RHOB as a potential target. TargetScan4.1 (http://www.targetscan.org), a sequence miRNA target analysis software, predicted miR-21 to have 186 conserved targets. Expressed sequence tag profiles (http://www.ncbi. nlm.nih.gov/UniGene) were used to approximate gene expression patterns of predicted targets in normal liver. Predicted targets with >14 transcripts per million in normal liver were scored as expressed. Next, the targets were screened for reported tumor suppressor activity, revealing 16 targets that fell into three functional groups: invasion/ migration, cell cycle/apoptosis, and cell signaling (Supplementary Table S1 ). Six of the 16 genes in these groups are confirmed targets of miR-21, including RECK. One of the members of invasion/migration category that had not yet been validated was RHOB. qRT-PCR analysis showed that the expression of RHOB is reduced in HCC 2-fold compared with normal liver, which was comparable with the repression of PTEN expression, a known miR-21 target (Supplementary Fig. S6; ref. 15) . Additionally, loss of RHOB has been associated with increased invasion in cancer (22) . In light of these observations, we hypothesized that RHOB might be one of the additional factor(s) targeted by miR-21 for the promotion of metastasis. RHOB is directly targeted by miR-21. miR-21 has a conserved target site at nucleotides 1326 to 1332 of the RHOB 3′UTR and a TargetScan context score of 84%. The predicted hybridization of miR-21 to RHOB mRNA was determined using RNA hybrid software ( Fig. 3A; ref. 23 ). The minimum free energy (ΔG) required for RNA hybridization is −19.7 kcal/mol. The ΔG for RNA hybridization for RECK/miR-21 is −22.7 kcal/mol.
To determine whether miR-21 is directly regulating RHOB, a reporter construct was made containing the 3′UTR of RHOB (full 3′UTR construct) mRNA immediately downstream of the Renilla luciferase gene in the dual luciferase reporter plasmid psiCHECK-2 (Promega). Huh-7 cells were cotransfected with the reporter plasmid alone and in the presence of either miR-21 inhibitor or mimic and assayed 24 hours after transfection. Cotransfection of the RHOB 3′UTR reporter plasmid with miR-21 inhibitor increased the Renilla/luciferase ratio by 60%. Conversely, cotransfection with the mimic miR-21 decreased the Renilla/luciferase ratio by 30% (Fig. 3C) .
Two additional reporter constructs were used to determine whether the predicted target site at nucleotides 1326 to 1332 of the RHOB 3′UTR was responsible for the regulation observed in the full 3′UTR. The nucleotide 1326 to 1332 constructs exhibited a 30% increase in Renilla/luciferase ratio when cotransfected with miR-21 inhibitor. Cotransfection of the shorter construct with miR-21 mimic decreased the Renilla/luciferase ratio by 20%. Mutation of the seed sequence at the 1326 to 1332 putative target site (Fig. 3B) abolished these effects (Fig. 3C) . Western blot analysis of RHOB expression revealed that knockdown of miR-21 led to an increase of 10%, 80%, and 20% in RHOB protein expression in Huh-7, HepG2, and MDA-MB-231 cells, respectively (Fig. 4A-C) . It remains possible that additional nonseed-containing miR-21 sites may exist in the 3′UTR that we would not have been identified with the current experimental approach.
Loss of RHOB expression by miR-21 promotes migration in vitro. If the reduction in migration observed in miR-21 inhibitor-treated cells was due to the restoration of RHOB activity, then siRNA knockdown of RHOB should restore cell migration in miR-21 inhibitor-treated cells. The expression of RHOB was significantly reduced after siRNA treatment in both Huh-7 (−2.10-fold) and MDA-MB-231 (−1.77-fold) compared with untreated cells (Supplementary Fig. S5 ). Huh-7 cells treated with miR-21 inhibitor had only 30% wound closure, whereas treatment with the combination of RHOB siRNA plus miR-21 inhibitor restored wound closure to 50%, showing full restoration to no-treatment levels ( Fig. 2A,  lane 10; Supplementary Fig. S5 ). Treatment with negative control siRNA had no effect on wound closure (Fig. 2A, lane 13) . Similar results were obtained using the MDA-MB-231 cells (Fig. 2B) .
On the other hand, transfection with a RHOB expression vector increased RHOB in both Huh-7 (2.09-fold) and MDA-MB-231 (3.57-fold) cells. This increase was comparable with mRNA RHOB level induced by miR-21 inhibitor treatment (Supplementary Fig. S7 ).
Elevated RHOB reduced wound closure (30% wound closure; Fig miR-21 expression affects cell shape. To determine whether the loss of miR-21 affects cell shape, we visualized the actin cytoskeleton by phalloidin staining. Cell elongation was determined by measuring the ratio of the longest cord through the cell versus the longest axis perpendicular to it (24) . In this assay, a reduction in the ratio reflects a "rounder," presumably less invasive, phenotype. All three cell lines treated with miR-21 inhibitor exhibited a switch to a significantly rounder phenotype by the assay ( Fig. 5A  and B; Supplementary Fig. S8 ). The rounded phenotype was most notably increased in the MDA-MB-231 cell line, which went from a ratio of 3.2 to 2.4 on knockdown of miR-21. The increase in rounded shape could be mimicked in the Huh-7 and MDA-MB-231 cell lines by direct overexpression of RHOB (Fig. 5C) .
miR-21 expression promotes cell invasion. To determine whether miR-21 repression of RHOB affects cell invasion, an invasion chamber assay was used. In this assay, the ability of cells to invade through extracellular matrix is measured. HepG2, Huh-7, and MDA-MB-231 cells were transfected with miR-21 inhibitor, mimic, or RHOB expression vector and placed in an invasion chamber containing extracellular matrix. miR-21 inhibitor treatment decreased invasion of HepG2, Huh-7, and MDA-MB-231 cells by 10%, 29%, and 50%, respectively, compared with control inhibitor, which had no effect ( Fig. 6A ; Supplementary Fig. S9 ). In contrast, overexpression of RHOB in Huh-7 and MDA-MB-231 cells decreased invasion by 10% and 46%, respectively, as expected according to our working model. However, treatment with miR-21 mimic did not significantly increase the invasive abilities of the HCC cell lines ( Fig. 6A and B; Supplementary Fig. S9 ).
Discussion
Metastasis is generally associated with poor prognosis and, in some cancers, increased miR-21 expression (6, 25, 26) . Therefore, identifying the role of miR-21 in invasion and migration can have direct clinical implications. miRNA expression patterns indicate that miRNAs may play key roles in cancer development, yet the underlying mechanisms are largely unknown. The present study showed that overexpression of miR-21 increases MMP-9 activity in Huh-7, HepG2, and MDA-MB-231 cell lines. MMP expression is generally associated with invasive and/ or metastatic phenotypes of tumors (19) . We also showed that loss of miR-21 expression reduces migration and invasion in vitro in all three cancer cell lines. Furthermore, our miR-21 target analysis, for the first time, identified RHOB as a direct target of miR-21. We also confirmed a partial role for the tumor suppressor RECK, in conjunction with RHOB, in regulating the in vitro metastatic properties of our cell lines. This is consistent with earlier work that identified RECK as a tumor suppressor gene (27) . In HCC, loss of RECK expression has been associated with poor prognostics (28) . FIGURE 6 . In vitro invasion assays were done in the Chemicon invasion chamber containing extracellular matrix. A, Huh-7 cells were incubated in the invasion chamber for 72 h. B, MDA-MB-231 cells were incubated in the invasion chamber for 24 h. The stained cells were eluted from membrane and absorbance at 560 nm was determined. Data are expressed as % no treatment (Lipofectamine only). *, P < 0.05; **, P < 0.001; ***, P < 0.0001.
The expression of RHOB is dramatically decreased as tumors become more aggressive (22, 29) . In addition, RHOB has been shown to regulate cell shape, migration, and adhesion (30, 31) . RHOB-null macrophage cells migrated faster than wild-type cells on fibronectin, which correlates with reduced adhesion, possibly due to a reduction in the integrin/RHOB signaling pathway and induction of cofilin (24) .
miR-335 also acts as a tumor suppressor in a breast cancer cell line through the repression of migration and cell movement (32) . Restoration of miR-335 expression in breast cancer cells led to a decrease in cell elongation (32) . In contrast, this study identifies miR-21 as an oncogene that promotes the in vitro metastatic phenotypes of cell elongation, migration, and invasion by targeting the tumor suppressor RHOB. Knockdown of RHOB would be expected to cause destabilization of actin filaments needed for cell migration (33) .
Furthermore, expression of miR-21 has a pro-proliferation and antiapoptotic function in HCC cell lines (11) . This is also consistent with it targeting RHOB, which also has been shown to inhibit cell proliferation (22, 29) . miR-21 causes antiapoptotic effects through the repression of such targets as PDCD4 (Asangani et al., 2008) , PTEN, and BcL-2 (14, 16) . In conclusion, the data in this report support a model in which miR-21 suppression of RHOB, in concert with RECK, contributes to increased ability of cells to metastasize. Understanding of miR-21 targets and pathways that this miRNA regulates could lead to new therapeutic strategies for a broad range of tumor types.
